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Abstract. The paper considers theoretical issues of reduction of zinc and iron by carbon from oxides of concentrates and zinc-containing metallurgical

waste (dust and sludge of metallurgical furnaces). The described parallel reduction of zinc and iron by carbon from oxides undergoes with the formation
of solid metal solution of Fe—Zn containing up to 46 wt. % of zinc, melts and the vapor-gas phase of CO—CO,~Zn, the equilibrium composition of
which is determined by the temperature and zinc content in solid solutions and melts. The authors determined the activity and elasticity of zinc vapor
in solid solutions and melts of the Fe—Zn system and the activity of components in slag melts of the ZnO—SiO, system. Thermodynamic assessment
showed that in the absence of solid carbon, the reduction of zinc from oxide by carbon monoxide is possible at temperatures above 1320 °C, and
reduction by iron is possible in the temperature range of 1320—1500°C. During reduction from slag melts at reduced activity values of zinc and
iron oxides and elevated temperatures, reduction of zinc is carried out more efficiently than reduction of iron. In the presence of solid carbon in all
temperature ranges (ab(gve 620 °C) and concentrations of zinc and iron monoxides at values a, >0, a, , > 0.4, reduction of iron undergoes more
efficiently (AGy., <AGy,). In the case of co-reduction of iron and zinc, the primary reduction product is solid iron. Thermodynamically, the possible
introduction of zinc atoms into a solid solution of a-Fe is practically not realized due to the high elasticity of zinc vapor even at low concentrations
in the outer layers on the surfaces of crystalline nuclei of a-Fe, which causes the possibility of a sufficiently deep degree of reduction and sublimation
of zinc during its carbon-thermal reduction from concentrates and waste from metallurgical enterprises.
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TEPMOAUHAMMYECKAA OLEHKA YCNOBUIA
COBMECTHOTIO BOCCTAHOBNIEHUA LWMHKA U XEJIE3A
YINEPOAOM U3 OKCUAOB KOHLUEHTPATOB
M OTXOA0B METANNTYPITMYECKUX MPOU3BOACTB
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AHHomaqu PaCCManI/IBaIOTCSI TCOPETUYCCKHUEC BOIIPOCHI BOCCTAHOBJICHMUS IIUHKA 1 JKEJIC3a YIIICPOAOM U3 OKCHJI0B KOHLICHTPATOB U IIUHKCOACPIKAIIIUX

METaJUTyPrU4eCcKUX OTXOMOB (IbUIM M IUIAMbl METAJUTyprudeckux mneveif). IlokazaHa BO3MOXXHOCTb HapaJuIeIbHOTO BOCCTAHOBJICHMS IIMHKA
W KeJe3a YIIEPOJOM M3 OKCHJIOB C 0Opa30BaHMEM TBEPIBIX METALNIMYECKHX pacTBopoB Fe—Zn, comepxammx 1o 46 % nuHka (o macce),
pacniaBos 1 naporaszoBoit ¢assl CO—CO,—Zn, paBHOBECHBIH COCTaB KOTOPOH OMpEeNseTCs TEMIEPaTypoll M COIEPKaHMEM LIMHKA B TBEPAbIX
pactBopax u pacruiaBax. Onpe/eneHbl aKTHBHOCTH M YIIPYTOCTH T1apa IIHKA B TBEP/BIX PacTBOpAX M paciuiaBax cucteMbl Fe—Zn u akTuBHOCTH
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KOMIIOHEHTOB B LLIAKOBBIX paciuiaBax cucteMbl ZnO—SiO,. TepMoauHamMudecKas OlEHKa MOKa3bIBACT, YTO NP OTCYTCTBMHU TBEPIOTO yIIEPOja
BOCCTAHOBJIEHHE IIMHKA M3 OKCHIa okcuaoM yriepona CO Bo3MOkHO npu Temmneparypax Bbiiie 1320 °C, a BOCCTaHOBIEHHE KEJIE30M BO3MOXKHO
B uHTepBasie temneparyp 1320 — 1500 °C. IIpu BOCCTaHOBICHMH U3 IIIAKOBBIX PACIUIABOB IPU MOHMKEHHBIX 3HAYCHUSIX aKTUBHOCTEH OKCHIOB
IUHKA ¥ JKele3a U IOBBIIICHHBIX TEMIEpaTypaX BOCCTAHOBICHHE IMHKA OCYLIECTBISICTCA Ooxee 3((EKTHBHO, YeM BOCCTAHOBIICHHE JKEJIe3a.
B npucyrcTBuM TBEpAOro yriepoja BO Bcex JuarazoHax temmneparyp (Boie 620 °C) u koHUeHTpauui okcuaoB muHka ZnO u xenesa FeO npu
3HAYEHUSX a, >0, ap > 0,4 BocCTaHOBJIEHHUE Kee3a MPOXomuT Oonee 3PHeKTHBHO (AG;30<AG;,,0). [Ipn coBMECTHOM BOCCTAHOBICHUH
HKeJle3a U IIMHKA TIEPBUYHBIM MTPOAYKTOM BOCCTAHOBJICHUS SBJISIETCS TBEPAOE XKele30. TepMOAMHAMUUECKH BO3MOXHOE BHEIPEHUE aTOMOB LIHKA
B TBEpJBIH PAaCTBOP 0-xKelle3a MPAKTHUECKH HE pealn3yeTcs U3-3a BBICOKOH YIPYTOCTH Mapa IMHKA y)Ke IIPH HeOONBIINX €ro KOHIEHTPAIHAX B
HAPYXKHBIX CJIOSX HAa MOBEPXHOCTSAX KPUCTAIMYECKUX 3apObILIEH o-)Kese3a, YTo 00yClIaBIuBaeT BO3MOKHOCTh JOCTATOYHO ITyOOKOH cTeneHH
BOCCTAHOBJICHHUS U BO3TOHKH IIMHKA IIPH YIIIEPOAOTCPMUIECKOM BOCCTAHOBICHUH €T0 I3 KOHIIEHTPATOB M OTXOI0B METaJLTyPIUYeCKUX IPOU3BOLCTB.

Karoueevle c108a: 1MHK, METAIUTPIUYECKHUE IIMHKCOJEPKAIME OTXO/bI, TUarpaMMBbl cocTosiHus cucteM Fe—Zn, Fe—Zn—0-C, ZnO-SiO,, akrus-
HOCTH LIMHKA B TBEPJBIX pacTBOpax M pacmiaBax Fe—Zn, akTHBHOCTH KOMIIOHEHTOB B IIJJAKOBBIX pacIijiaBax, YIPYrocTh apa LUHKA HaJl TBEPABIMHU

pacTBopaMu M pacruiaBamu Fe—Zn
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BOCCTAHOBJIEHHs LIUHKA U KeJie3a YIIEPOJOM U3 OKCHJIOB KOHIEHTPATOB M OTXOI0B METAJIyprUueCKUX MPOU3BOIACTB. M36ecmus 6y306. Yephnas
memannypeust. 2023;66(4):459-470. https://doi.org/10.17073/0368-0797-2023-4-459-470

[ INTRODUCTION

The reduction of zinc by carbon from concentrates or
metallurgical waste (dust, sludge) constitutes the primary
intermediate stage in the technologies for producing zinc
and zinc oxide (Zn0O). Various technological options are
known, implemented at temperatures ranging from 1100
to 1290 °C, including heat treatment in drum furnaces
(Waelz process), multi-hearth shaft furnaces (PRIMUS
process), ring furnaces (DRIVIRON process), and others.
Typically, these technologies facilitate the “distillation”
of zinc obtained during the vapor reduction process. Sub-
sequently, the captured zinc vapor is condensed in appa-
ratuses, or zinc oxide is obtained in the form of a pulver-
ized concentrate containing up to 65 wt. % (rotary kilns)
or up to 96 wt. % (multi-hearth furnaces) zinc oxide sui-
table for the production of electrolytic zinc metal. These
zinc oxide products find application in various industries,
including paint, rubber, etc. [1 — 3].

The residue remaining post zinc distillation, com-
monly in the form of slags containing up to 30 % iron
or metallized pellets, which may contain up to 50 %
(PRIMUS process) or up to 96 % (DRIVIRON process)
of reduced iron metal, serves as raw material in the smel-
ting of cast iron, steel, and ferroalloys [2].

Despite the requirement for theoretical justification
for numerous technological variants, the parameters
of most utilized modes are established upon the findings
of kinetic studies on the reactions involving iron and zinc
oxides with carbon dioxide. The practical determination
of suitable parameters and designs for the involved units
is crucial in this context.

A comprehensive thermodynamic analysis of the co-
reduction of iron and zinc oxides is notably lacking, with
insufficient consideration given to the formation of solid
solutions and Fe—Zn melts, as well as chemical compounds
like ZnO-Fe, O, (zinc ferrite), (Mn, Zn)Fe,O, (franklinite),
Zn0O-Fe,0,—-2Zn0-5F¢,0,solutions. Additionally, there is
an absence of information on the activities of components
in Fe — Zn solid solutions, metal and slag melts, or the com-
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position of the vapor-gas phase above these solutions and
melts. The simplified schemes outlining the multiparam-
eter mechanism of physicochemical interactions within
the Fe—Zn—C—0O system do not provide adequate guid-
ance for accurately selecting the parameters of the techno-
logical regime for a specific process.

This study focuses on conducting a thermodynamic
assessment of the conditions for co-reduction of zinc and
iron by carbon, utilizing oxides present in metallurgical
production waste such as dust and sludge. These waste
materials are generated during the melting of cast iron
and steel in electric arc steel-smelting furnaces and con-
verters.

[l THERMODYNAMIC ANALYSIS

Table presents the approximate composition of zinc-
containing materials used in carbon-thermal reduction
processes [1; 2; 4; 5].

According to [6], zincite (ZnO) and hematite (Fe,O,)
combine to form the compound zinc ferrite (ZnO-Fe,0,),
or franklinite (Zn, Mn)Fe,O, in the presence of man-
ganese oxide MnO. This compound remains stable in
the temperature range of 700 — 1100 °C. These com-
pounds, particularly with an excess of Fe,O,, create
solid solutions of hematite — ferrite (or franklinite) up
to the stoichiometric ratio of 2ZnO + 5Fe,O,. These
solutions maintain the spinel structure in its pure form up
to 1100 °C. If the Fe,0,:Zn0 ratio exceeds 2.5, sintered
products contain magnetite (Fe,0,), is present in the sin-
tered products; whereas a ratio lower than 1.0 results in
the presence of zincite.

In dusts from arc steel smelting furnaces, characteri-
zed by 50 - 60 % Fe,0,, 0.5 4.0 % MnO and approxi-
mately 10 — 25 % ZnO [1; 2] (with a Fe,0,:(ZnO + MnO)
ratio > 3), franklinite and magnetite are consistently pre-
sent. Notably, FeO and ZnO are typically absent under
these conditions.

The co-reduction of iron and zinc from dust waste
follows a complex multi-stage scheme. At the first stage,
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within a reducing atmosphere, zinc ferrite readily under-
goes decomposition through the reaction

Zn0Fe,0, + 1/3C0 = ZnO +2/3Fe,0, + 1/3CO,. (1)

At the second stage, higher iron oxides present in zinc-
containing materials, along with the magnetite formed
during the ferrite decomposition, are reduced by gaseous
carbon monoxide CO in accordance with the reactions:

3Fe,0, + CO = 2Fe,0, + CO,; @)
Fe,0, + CO = 3Fe0 + CO,. 3)

Reaction (3) is achieved at 550 °C when the carbon
monoxide content (in the gas phase composed of CO
and CO,) is approximately 50 %. At 640 °C, the equi-
librium P, is roughly 0.4. At higher temperatures,
reaction (3) can occur at low concentrations of carbon
monoxide (CO): at 1000 °C P, = 0,2 atm; at 1200 °C
P.y=0.1 atm [7].

At the third stage, reduction of iron from wustite with
carbon monoxide CO occurs through the reaction

FeO(s) + CO = Fe(s) + CO, 4)

this reduction process takes place at elevated concentra-
tions of carbon monoxide CO in the gas phase. Specifi-
cally, at 700 °C P, > 0.6 atm, CO:CO, = 1.5; at 400 °C
P.,>0.68 atm, CO:CO, = 2; at 1300 °C P, > 0.76 atm,
CO:CO, = 2.7 [8]).

The reduction of zinc from oxide occurs through
the reaction

ZnO(s) + CO = Zn(l, g) + CO,, (5)

however, this process is intricate due to intense zinc evap-
oration and the formation of a-Fe—Zn solid solutions and
Fe—Zn melts.

In the presence of solid carbon or the potential for
its formation during the decomposition of carbon mon-
oxide (CO), the reduction of oxides at all stages can be
achieved through direct contact interaction with solid
carbon, known as direct reduction. Thermodynamically,
this process is more favorable; however, its efficient
implementation requires fine grinding and thorough mix-
ing of the reagents to maximize the interaction surface.
The composition of the equilibrium gas phase in this case
is constrained by the equilibrium of the Boudoir reaction

CO, +C =2CO. (6)

For the practical implementation of carbon-ther-
mal reduction technologies, it is crucial to determine
the parameters of phase-chemical interactions occurring
at the third and final stage of the process.
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The thermodynamic analysis was based on the follow-
ing initial data: one of the latest versions of the state dia-
gram of the iron—zinc system [9], which notably differs
from those previously presented in reference literature
(refer to Fig. 1 in [10]); the phase chemical equilibrium
diagram of the Fe—C—0O system (see Fig. 4 in [11]); and
reference data concerning the thermodynamic properties
of iron, zinc, and carbon oxides [12 — 14].

According to the state diagram of Fe—Zn alloys [9], zinc
undergoes melting at a temperature of 419.6 °C (forming a
eutectic with less than 0.1 % Fe at 419.4 °C). As the temper-
ature increases to 531 °C, the solubility of iron in the zinc
melt rises, reaching approximately 2.5 %. Upon exceed-
ing the equilibrium iron concentrations, a solid solution,
known as the { phase (Zn = 94 + 97 %), precipitates from
the melt. At 531 °C, the { phase undergoes decomposition
through a peritectic reaction, giving rise to the 6, phase
(solid solution Zn = 88 +92 %). The 6, phase coexists
with the “I",” phase (81 — 86 % Zn), until 550 °C, at which
point it decomposes, forming the “I"” phase. The “I"” phase
coexists with the § and a-iron phases up to 667 — 780 °C.
In the temperature range of 667 — 780 °C, it coexists with
a-ferrite and a liquid melt containing iron ranging from 2.5
to 8.5 %. At 780 °C, the “I"” phase undergoes decomposi-

Zn, at. %
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1600 —— T T T T L —
1538 °C
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Fig. 1. State diagram of the Fe—Zn system:
--=- —zinc activity in solid solutions and Fe—Zn melts;
—— — P, —elasticity of zinc vapor over Fe—Zn solid solutions;
——— —a,, — Fe—Zn solid solutions

Puc. 1. /luarpamma cocrosiuusi cuctemsl Fe—Zn:
-== — aKTMBHOCTH IIMHKA B TBEP/BIX pacTBOpax u pacruaBax Fe—Zn;
—— — P, — ynpyrocTs napa I{HKa HaJl TBep/bIMU pactBopamu Fe—Zn;
— == — 0, — TBEpABIE pacTBOPLI Fe—Zn
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tion through a peritectic reaction into a liquid melt con-
taining approximately 8 % iron and a solid solution based
on o ferrite with a zinc content of 46 %. At temperatures
lower (300 °C) and higher (up to 1535 °C), the zinc con-
tent in the ferrite solution decreases nearly to zero. Con-
sequently, the region of Fe — Zn solid solutions extends
within the range of zinc concentrations of 0—46 % in
the solution and temperatures of 0 — 1535 °C. Addition-
ally, there exists a broader two-phase region, encompass-
ing iron-based solid solutions containing 0 — 46 % Zn and
liquid Fe — Zn melts with a zinc content ranging from 0
(at 153 °C) to 92 % (at 780 °C).

Fe—Zn solid solutions based on a ferrite undergo
a magnetic transformation within the temperature range
of 769 °C (0 % Zn) to 623 °C (20 % Zn).

Zinc exhibits high vapor elasticity, and its vapor pres-
sure above pure zinc follows the equation

lgP,, =—%+5 423,

according to this equation P, =0.1atm at 720 °C,
P, =1latm at 907°C, P,=10atm at 1183°C,
P, =57 atm at 1500 °C. Equilibrium zinc vapor pres-
sures above solid solutions of a-Fe — Zn and melts vary in
accordance with changes in the activity of zinc in them and
temperature, described by the equation a, = f(x,,, 7).

Due to the lack of data on the activities of components
in the Fe—Zn system, the Fe—Cu system was employed as
a prototype. In the Fe—Cu system, a broad range of solid
solutions based on a-Fe—Cu ferrite (Cu = 0 + 8 %) exists,
bordering in the temperature range of 1094 — 1484 °C
with an even wider two-phase region: solid solution
(0-Fe)—melt (Cu =8 0, 0c) % 97194+ %0) [10]. Substan-
tial positive deviations from Raoult’s law are observed
in Fe—Cu melts. At 1550 °C in Fe—Cu melts with a cop-
per content of 0—-4 % y., =10.1. With an increase in
the concentration of copper in the melt, the activity
of copper decreases: at x., =0.1(10%) —y., =54,
a., =056, at x.,=02(18%) -y, =138,
ac,=0.71; at x., = 0.4 (37 %) — v, =2.0, a., = 0.8; at
Xe, = 0.8 (70 %) — v, = 1.2, a., = 0.89 [15]. It is note-
worthy that in homogeneous melts with positive devia-
tions from Raoult’s law, these positive deviations increase
as the temperature decreases. When the concentration
dependence lines reach a, = f(x,, T) = const for composi-
tions corresponding to x, of the liquidus at a given tempe-
rature, the values of a, within the two-phase region remain
constant until the x; of the solidus is reached. Simulta-
neously, positive deviations from Raoult’s law increase
even more. Furthermore, the activity of components in a
homogeneous solid solution decreases as their concentra-
tion in the solution decreases.

The values of activities and activity coefficients
of zinc in Fe—Zn solid solutions and melts, as per these
assumptions, are depicted in Fig. 2.

In melts with high zinc content (more than 50 %), zinc
activity coefficients exhibit minimal deviation from unity,
and zinc activities demonstrate slight positive deviations
from Raoult’s law. In solid solutions with a zinc content
ranging from 5 to 25 % and temperatures between 1000
and 1400 °C, the activity of zinc varies from 0.5 to 0.9,
and the activity coefficients are y, =5 +9, indicating
substantial positive deviations from Raoult’s law.

Consequently, even above solid solutions (a-Fe, Zn)
containing relatively small amounts of zinc (5 — 10 %),
the vapor pressure of zinc is substantial. The equilibrium
values of zinc activities in solid solutions and melts,
along with the vapor pressure of zinc above solid solu-
tions, are plotted on the state diagram of the Fe—Zn
system (Fig. 1). Based on the provided data, it can be
inferred that at a zinc content in the o-iron solid solu-
tion of 5 — 10 %, the vapor pressure of zinc at t =~ 1050 °C
reaches 0.5 atm, and at 1300 °C, it surpasses 1 atm. As
the zinc concentration in the solid solution increases,
the vapor pressure of zinc also increases. For instance,
t =~ 1050 °C, it attains 0.1 atm and 0.5 atm at 5 and 20 %
zinc content, respectively.

The outcomes of thermodynamic analysis of the reduc-
tion of iron and zinc from oxides are depicted in Fig. 3
as dependences of the functions AG® =f(T), reduced
to 1 mole of oxygen in the initial gas phase for oxide for-
mation reactions, and the corresponding number of moles
of the initial oxide for reduction reactions.

The reduction of iron from wustite by carbon monoxide
CO through reaction (4)

2FeO(s, 1) + 2CO = 2Fe(s) + 2CO,

initiates at 580 °C in the absence of solid carbon (point
F in Fig. 3, where the lines AG® = f(T) for reactions (6)
and (7) intersect):

2C0 +0,=2C0,;
2Fe(s) + O, = 2Fe0(s). (7)

For reaction (4) at =580 °C AG(4 0 ((point F)
PeoiPey =1, Py =107 atm; at 1=1200°C AG, =

co'"co, 0,
=-25kJ; att=1500 °C AG(4 -55 kJ.
The reduction of zinc from zincite by carbon mo-

noxide CO through reaction (5)
2Zn0(s) + 2CO = 2Zn(g) + 2CO,

commences at higher temperatures. For the point L’
in Fig.3 ¢, ~1320°C, AGy5 =0, P, =107 atm; at
t=1500°C AG y=—55kl. At t= 1500 °C the lines
AG® =f(T) for reactlons (4) and (5) at intersect at AG(4
AG(5 —55 kJ (point D in Fig. 3).
At temperatures lowef than 1500 °C AG(4)<AG
at > 1500 °C AG5 <AG,. It can be assumed that in
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Fig. 2. Dependence of zinc activity and activity coefficient on composition and temperature
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the temperature range of 1320 — 1500 °C, under the con-
ditions of a reducing atmosphere required for the pro-
duction of iron metal by reaction (1) — (PCO PCO >1,
P, <107* atm), reduced iron can act as a zinc- reducmg
agent from zincite. At higher temperatures, zinc vapor
can reduce iron from wustite:
Fe(s, 1) + ZnO(s)%Zn(g) +FeO(s, 1). (8)
Thus, the reduction of zinc from zincite by carbon
monoxide CO is possible only at temperatures above
1320 °C (400 °C above the boiling point of zinc), with
zinc obtained only in the vapor state. In practice, reac-
tions (4), (5), and (8) proceed in parallel, and the reduced
iron acts as a catalyst for reaction (5). The practical real-
ization of the indirect reduction process is not realistic
due to the low values of AG® for reactions (4), (5), (8).
The processes of iron and zinc reduction from oxides
by solid carbon are governed by reactions (9) and (10):

2FeO(s, 1) + 2C(s) = 2Fe(s, 1) + 2CO; 9)

27Zn0(s) + 2C(s) = 2Zn(l, g) + 2CO. (10)

The initiation of reduction for reaction (9) is cha-

racterized in Fig. 3 by point 4: the intersection of lines

AG®° = f(T) for reactions (6) and (11):

2C+0,=2C0, (11)

for reaction (10), it is marked by point K: the intersection
of lines AG® = f(T) for reactions (11) and (12):

2Zn(g) + O, = 2ZnO(s). (12)

Parameters of point A:t, =650 °C, P PCO 1.1,

~ 102! atm; AG(Q)Start O (pomt A"); for p01nt K:
tan = 960 °C (approx1mately 330 °C lower than for reac-
tion (5)), P =102, Py =10 Yatm; AGlOStart 0
(point K).

Above 960 °C, in the entire temperature range, reac-
tion (9) has a significant advantage over reaction (10)
(AGg,— AGj5)=—80 kJ).

During the co-reduction of iron and zinc, the presence
of carbon facilitates the formation of the ternary carbide
Fe,ZnC [12]. This carbide coexists at temperatures of at
least 780 °C with a-iron (with a zinc content in a solid
solution based on a-iron lower than 46 % and carbon
higher than 4 %) and the “I"” phase with a zinc content
of 71 —74 %. The “I"” phase decomposes at 780 °C
through a peritectic reaction (13) with the formation
of a-iron and a liquid phase containing approximately
7 % Fe, 89 % Zn, 4 % C

CO CO

“T” — (o-Fe + Zn) + 1. (13)

The presence of carbon restricts the reduction pro-
cesses by limiting the composition of the gas phase
(CO:CO, ratio) in accordance with the equilibrium con-
stant of the Boudoir reaction (6).

The presented volumetric diagram (Fig. 4, face A)
indicates that in the presence of solid carbon, the reduc-
tion temperature of iron from wustite corresponds
to 7.~ 690 °C (for the formation of cementite Fe,C
liar = 680 °C) with the CO:CO, ratio in the gas phase
approximately 1.5. In the presence of excess carbon,
the concentration of carbon monoxide CO in the gas phase
aligns with the equilibrium for reaction (6). The CO:CO,
ratio at 690 °C is approximately 1.5; at 900 °C, it is
approximately 19; at higher temperatures, the content
of carbon monoxide CO is almost 100 % (CO:CO, > 10?)
(Fig. 4).

Similarly, during the reduction of zinc by car-
bon according to reaction (10) at the start temperature
of the reduction 7 ~ 960 °C and higher CO:CO, > 107,

It is worth noting that at low temperatures (below
1200 °C), the activities of iron and carbon show slight
deviations from their molar concentrations [14], and their
variations in Fe—Zn solid solutions and melts do not sig-
nificantly affect the equilibrium of reactions (9) and (10).

During the carbothermal co-reduction of a mixture
of zinc and iron oxides, the primary reduction product
consists of crystalline iron nuclei formed by reactions (1)
(in the temperature range 580 — 1535 °C) and (5) (above
700 °C until the formation of the iron-carbon melt).
The reduction of zinc with its transition into iron nuclei,
along with the formation of solid solutions based on
a-iron, begins almost simultaneously with the emergence
of a new phase (a-iron). This process is similar to what
occurs during the co-reduction of manganese and silicon,
where primary small drops of metal (MnC ) with 5 -8 %
silicon are present [16]. In the melting of calcium car-
bide, in the primary drops of metal formed in the low-
temperature levels of the ore smelting furnace bath,
up to 8 % silicon in the ferrous alloy is also detected. It
is noteworthy that in Mn—Si and Fe—Si alloys, there are
strong negative deviations from Raoult’s law (yg, = 107),
and in Fe—Zn alloys with low zinc concentrations
(x,, <0.2), there are positive deviations vy, ., =4+ 10
(Fig. 2). Considering the high vapor elasticity of zinc and
the potential formation of low-melting films of melts on
the surface of a-iron nuclei, along with the intense evapo-
ration of zinc from their surfaces, and the kinetic chal-
lenges associated with zinc diffusion inside solid-phase
nuclei, it can be assumed that most of the zinc transitions
into the vapor-gas phase. Consequently, the equilibrium
states of solid metal — slag — gas are practically unattain-
able due to these factors.

The calculated thermodynamic parameters of the Fe—
—Zn—-0-C system are illustrated in Fig. 4. The analysis
reveals that achieving a concentration of 5+ 10 % Zn
in the a-Fe solid solution is possible at temperatures
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between 700 — 800 °C, with a, =0.9, and an equilib-
rium vapor pressure of zinc at approximately 0.01 atm
(Fig. 1). In surface films that are supersaturated with zinc
P, > 0.1 atm, reaching 1 atm at 1300 — 1200 °C.

[ RESULTS AND DISCUSSION

The feasibility of co-reducing iron and zinc, leading
to the formation of Fe—Zn solid solutions, is highly con-
tingent on various factors such as temperature, heating
rate, isothermal holding time, solubility, and the energy
of formation of solutions.

For instance, when carbon interacts with silica par-
ticles smaller than 100 um, the reduction rate increases
by 2 — 3 orders of magnitude [17].

It can be postulated that factors such as the degree
of grinding, mixing, and compacting of reagents, involv-
ing briquetting and agglomeration, could lead to a
substantial increase in the reaction surface area. This
increase, accompanied by elevated excess energy due
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to mechano-energetic activation during mechanical pro-
cesses, might result in a lower initiation temperature for
the co-reduction of iron and zinc, a rapid acceleration
of reactions, and the potential formation of Fe—Zn solid
solutions with a notably high concentration of zinc.

The optimal mixing of iron and zinc oxides is achieved
when the components are combined at the molecular level
in chemical compounds such as ferrite and franklinite,
or at high temperatures in slag melts. Research [1] has
demonstrated that zinc recovery from ferrite occurs more
rapidly and at lower temperatures (~800 °C) compared
to pure zincite (~1000 °C). Even at temperatures between
800 — 900 °C, zinc is significantly reduced (at 800 °C
P, ~ 0.6 atm; at 900 °C P, > 0.9 atm).

The reduction of iron and zinc from slag melts by
carbon monoxide CO is influenced by temperature,
the composition of the gas phase, the melt composition,
and, consequently, the activity of FeO oxide in the melt.
Additionally, it depends on the physical characteristics
of the melt, including homogeneity, viscosity, interfa-
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cial surface tension between slag-metal and slag — gas,
the degree of surface interaction influenced by the amount
of slag and gas, as well as the degree of bubbling and
emulsification of heterogeneous slag.

When reducing iron and zinc from slag with solid car-
bon, properties of the carbon reducing agent, including
reactivity, porosity, density, fractional composition, and
wettability with metal and slag melts, become significant
factors.

In the FeO — SiO, system slags saturated with silica,
the activity of iron oxide FeO when its content in the melt
is 0-55% (xp,o<0.5) exhibits little dependence on
the composition and temperature (at 1350 — 1600 °C
g = 0.36 = 0.37[10; 18]. Inthe presence of basic oxides,
for example, like slags of the FeO-Si0,—(CaO + MgO)
system, positive deviations from Raoult’s law are observed
at 1600 °C in the FeO concentration range of 0 — 50 %,
with the magnitude increasing with higher slag basicity
R = Ca0:Si0, and lower temperature. For instance, at
1600 °C in slags saturated with silica (SiO, = 50 + 60 %),
and iron oxide FeO content of 10, 20, 30 and 40 %,
the activities ag , are 0.15, 0.29, 0.45, and 0.55, respec-
tively. Increasing slag basicity R to 1 results in approxi-
mately a 1.5 times increase in the activity of iron oxide.
Similar findings were obtained in [1; 19] at 1250 and
1200 °C for slags containing 25 — 60 % FeO with basi-
city ranging from 0.33 — 1.0.

Therefore, from slags with R < 1 ata , <1 the reduc-
tion of iron by carbon monoxide CO is more challenging
compared to pure oxide.

A similar conclusion can be drawn regarding reac-
tion (5). The shift of lines of equilibrium AG® = f(T) for
reaction (4) at a, , = 0.4 is shown in Fig. 3.

In most carbothermal technological processes designed
for zinc recovery from concentrates and industrial waste
(e.g., Waelz process, PRIMUS, etc.), measures are taken
to prevent the formation of large amounts of low-melting
liquid metal and complex oxide eutectic melts at process
temperatures ranging from 1150 — 1250 °C. This is achieved
by incorporating sand and an excess (up to four times
the stoichiometric requirement) of a larger (up to 5 mm)
carbonaceous reducing agent into the charge mixture as
thickeners. The addition of these thickeners results in
the formation of a viscous heterogeneous slag with a high
content of silicon oxide (up to 30 — 40 %), leading to a sig-
nificant decrease in the activity of the main oxides, includ-
ing ZnO, in the slag. This complicates the recovery of zinc.

The interaction between zinc and silicon oxides gives
rise to a double chemical compound, 2Zn0O-Si0, com-
monly known as willemite, with a ZnO content of 73 %.
Willemite undergoes congruent melting at 1512 °C and
forms eutectics with ZnO (SiO, — 21 %, t = 1505 °C) and
with SiO, (Si0, — 43 %, t = 1430 °C) (Fig. 5, a). At tem-
peratures below 1430 °C within the ZnO concentrations
in the range of 0 — 73 %, only solid phases coexist in
the ZnO-SiO, system: SiO, and 2Zn0O-Si0,.

In the presence or addition of basic oxides (CaO,
MgO, FeO, MnO) to the charge mixture, the melting tem-
perature of the slag decreases (in the e, — E, direction, as
shown in Fig. 5, a) reaching the temperatures of ternary
or more complex eutectics (around ~1000 °C), and even
lower in the presence of Na,O (down to 800 °C). This can
lead to the formation of complex zinc-containing com-
pounds, such as xMeO-yZnO-zSiO, (x, y,z= 1 or 2).

The activity of zinc oxide a,, in eutectic melts can
vary significantly and reach 0.1, significantly complicat-
ing the reduction of zinc. Fig. 3 illustrates the change
in the parameters of the function AG® = f(T) for reac-
tion (10) at a, =1 and a, =0.1. At 1200 °C, the dif-
ference between AG, ata, =1and a, =0.1is ~30 %
(70 and 50 kJ). It has been observed that in slags with a
zinc content of 0.5 — 10 %, the replacement of calcium
oxide with iron oxide FeO does not alter the activity coef-
ficient of zinc oxide. However, a change in the content
of the mole fraction of silicon oxide from 0.26 — 0.30
to 0.35 — 0.40 reduces the activity coefficient of zinc
oxide by 2.1 — 2.5 times. Further increases in the SiO,
content in the slag to 44 — 46 mol. % (slags saturated with
silica) does not affect the value of the activity coefficient
of zinc oxide.

Changes in the activities of components in
the ZnO-Si0O, system at 1500 and 1600 °C are shown
in Fig. 5, b (the diagram shows isoactivity lines
a0 =f(xSi02, t=const) and a,, =f(xSi02, t = const)
(Fig. 5, @). The presence of two phase regions in
the state diagram of the ZnO — SiO, system determined
the sign alternating dependence of the activity isotherms
of the components and their intersection with the lines
of Raoult’s law at points R,(a, = x,, y, = 1), which makes
it possible to fairly correctly represent the course of acti-
vity isotherms [10].

It was demonstrated in [20] that in three-compo-
nent (and more complex) systems, even in acidic slags
(at the line of saturation with silica) with the addition
of basic oxides (CaO, MgO, etc.), their activity in pri-
mary slags formed at the beginning of melting change
by orders of magnitude (from 0.1 — 0.6 to ~0.001). Accu-
rate information for a specific technological option and
a given mode (charge composition, temperature) can be
obtained through experimental studies.

- CONCLUSIONS

Utilizing existing reference data and kinetic studies,
a thermodynamic assessment of the co-reduction condi-
tions of zinc and iron by carbon from oxides present in
concentrates and by-products of metallurgical processes
(such as dust and sludge generated during steel melting
in electric arc furnaces and converters) was conducted.

Graphs depicting the zinc activity in solid metal solu-
tions based on o-iron and Fe—Zn melts were created, illust-
rating their composition and temperature dependence.
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The absence of solid carbon in the system allows zinc
recovery from oxide by carbon monoxide CO at tempera-
tures above 1320 °C. However, with the presence of solid
carbon, zinc reduction can occur at lower temperatures

The activities of @, , and a, in ZnO—-SiO, homoge-
neous melts at 1500 and 1600 °C were also charted. It is
evident that in silica-saturated slags, the activity of zinc
oxides decreases from 0.37 at 1430 °C to 0.2 at 1600 °C.
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(300 — 350 °C). At 1200 °C and a, , =1 AG

at ~1350 °C AG ;=100 kJ. The reduction from slags at

10y = SOKJ,

a, . < 0.1 requires higher temperatures (by 150 — 300 °C,
respectively).

During co-reduction of zinc and iron from oxides

with solid carbon, the primary reduction product is solid
a-iron. At temperatures above 1000 °C, reduced iron acts
as a reducing agent and catalyst for the zinc reduction
reaction.

Zinc exhibits intensive evaporation from Fe—Zn

metal melts and o-Fe — Zn solid solutions, including solid
crystalline nuclei. Even with a zinc content in solutions
of less than 5 % at 1300 °C, the equilibrium pressure
of zinc vapor above the solutions reaches 1 atm, facili-
tating a high degree of dezincification of zinc-containing
concentrates and metallurgical waste through carbother-
mal reduction methods.
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